The decidual/trophoblast PRL-related protein (d/tPRP) is dually expressed by decidual and trophoblast cells during pregnancy. [4032][4033][4034][4035][4036][4037][4038][4039] 1999) 
D ECIDUAL/TROPHOBLAST PRL-related protein
(d/tPRP) is member of the PRL family that, as its name suggests, is dually expressed by decidual and trophoblast cells during pregnancy (1) (2) (3) . Decidual cell expression of d/tPRP is initiated at the time of implantation, is associated with the onset of decidualization, and increases until the uterine decidua regresses at midpregnancy. Trophoblast cell expression of d/tPRP expression begins at midpregnancy and continues until parturition. The coordinated expression of d/tPRP by decidual and trophoblast cells ensures its continual presence from the time of implantation until parturition, suggesting its physiological importance. d/tPRP does not activate the PRL receptor signaling pathway and is thus considered a nonclassical member of the PRL family (4). However, d/tPRP is retained in the uterine environment through an interaction with heparin-containing molecules (4, 5) , where it binds specifically to immune cells within the pregnant uterus (5) . The precise action of d/tPRP on its target cells has not yet been fully resolved.
Apart from its biological relevance, d/tPRP expression is associated with acquisition of both decidual and trophoblast differentiated phenotypes (1) (2) (3) . Dissection of molecular pathways leading to gene-specific transcriptional activation has provided considerable insight into the regulatory factors controlling cell differentiation. Regulators of erythroid, pituitary, and muscle cell differentiation have been identified through analyses of promoters controlling differentiationdependent gene activation (6 -10) . Thus, examination of the d/tPRP gene promoter may provide insight into the regulatory pathways controlling both decidual and trophoblast differentiation.
The availability of in vitro models has enabled us to investigate transcriptional control mechanisms regulating d/tPRP expression in decidual and trophoblast cells. A primary decidual cell culture system has been established and has proven useful for the evaluation of d/tPRP promoter activities in decidual cells (11) . In addition, the Rcho-1 trophoblast cell line, which faithfully recapitulates the trophoblast giant cell developmental lineage (12) (13) (14) , has proven to be a valuable tool for the characterization of trophoblastspecific gene regulation (11, (15) (16) (17) (18) (19) (20) (21) . We have previously characterized the d/tPRP promoter and reported that 3960 bp of d/tPRP 5Ј-flanking DNA were sufficient to direct tissue-specific and differentiation-dependent expression (11) . In the present study, we have characterized further the d/tPRP promoter and identified cis-regulatory elements that modulate its activity in decidual and trophoblast cells.
Materials and Methods Animals
Holtzman rats were obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN) . The animals were housed in an environmentally controlled facility, with lights on from 0600 -2000 h, and allowed free access to food and water. Day 0 of pregnancy was defined by the presence of sperm in the vaginal smear. Protocols for the care and use of animals were approved by the University of Kansas animal care and use committee.
Cell culture
Primary decidual cell cultures were established from deciduomal tissue collected from rats on day 7 of pseudopregnancy, as previously described (11) . Cells were initially plated at a concentration of 3 ϫ 10 6 cells/75-cm 2 flask in DMEM/MCDB 302 culture medium (all cell culture media were obtained from Sigma Chemical Co., St. Louis, MO) containing 10% FBS (Sigma Chemical Co.). After 20 h, medium and unattached cells were removed and replaced with fresh medium containing 1% FBS. The UI rat uterine stromal cell line was (22) maintained in Ham's F-10/DMEM culture medium supplemented with 10% FBS. The Rcho-1 trophoblast cell line was derived from a rat choriocarcinoma and is capable of differentiating along the trophoblast giant cell lineage (12) . Rcho-1 trophoblast cells were routinely maintained in subconfluent conditions with NCTC-135 culture medium supplemented with 20% FBS, 50 m 2-mercaptoethanol, and 1 mm sodium pyruvate (12) . Rcho-1 cells were induced to differentiate by growing them to near confluence in FBS-supplemented culture medium and then replacing the FBS with 10% horse serum (JRH Biosciences, Lenexa, KS) (13, 14) . The HRP-1 trophoblast stem cell line was derived from labyrinthine rat trophoblast cells and was maintained in RPMI 1640 medium containing 10% FBS (23, 24) . L929 mouse fibroblast cells were maintained in RPMI 1640 medium containing 10% FBS. All culture media were supplemented with 100 U/ml penicillin and 100 g/ml streptomycin (Sigma Chemical Co.).
Cloning of d/tPRP promoter-reporter constructs
We previously reported the amplification and cloning of 3960 bp of d/tPRP 5Ј-flanking DNA into the pGL-2 basic (Promega Corp., Madison, WI) luciferase reporter vector (11) . Briefly, the 3960-bp d/tPRP promoter was PCR amplified from a 6.9-kb restriction fragment of the d/tPRP genomic clone using the high fidelity Tth polymerase (Advantage Genomic PCR kit, CLONTECH Laboratories, Inc., Palo Alto, CA). PCR primers were designed so the amplified product contained a KpnI restriction site at the 5Ј-end and an XhoI site at the 3Ј-end. This allowed directional cloning of the d/tPRP promoter into the KpnI and XhoI sites of the pGL-2 basic vector (Promega Corp.).
A similar PCR-based strategy was used to generate serial deletion constructs of the d/tPRP promoter by using the same 3Ј-primer and changing the location of the 5Ј-primer. Deletion constructs of the d/tPRP promoter ranged in size from 2500 to 37 bp upstream of the transcription start site, and all promoter constructs extended to 38 bp downstream of the transcription start site.
The 93-bp d/tPRP-Luc construct was the smallest promoter fragment that retained activity in primary decidual and Rcho-1 trophoblast cells. This fragment contains several consensus response elements, including those for activating protein-1 (AP-1) and Ets family transcription factors. PCR site-directed mutagenesis was used to generate the mutant constructs, 93-bp ⌬AP-1 d/tPRP-Luc and 93-bp ⌬Ets d/tPRP-Luc. The putative d/tPRP AP-1 element (TGACTTCTTG) and the putative d/tPRP Ets element (ACATCCGC) were both mutated by insertion of a NotI restriction site (GCGGCCGC). The resulting constructs were directionally cloned into to KpnI and XhoI sites of pGL-2, and their sequences were verified using the dideoxy chain termination method (25) and the ABI Prism 310 Genetic Analyzer (Perkin-Elmer, Foster City, CA). Synthesized oligonucleotides were obtained from Life Technologies, Inc. (Gaithersburg, MD).
Transient/stable transfections and luciferase assays
d/tPRP-Luc constructs were transiently transfected into the primary decidual cells and Rcho-1 trophoblast cells using a liposome-mediated delivery system (Lipofectamine, Life Technologies). Cells (8 ϫ 10 5 decidual cells or 5 ϫ 10 4 Rcho-1 cells) were plated in 35-mm culture dishes and transfected with 2 g of each of the d/tPRP-Luc constructs. Primary decidual cells were transfected on day 1 of culture; Rcho-1 trophoblast cells were transfected on day 3 of culture corresponding to the time that cells were exposed to differentiating conditions. Forty-eight hours after transfection, cell lysates were prepared, and luciferase assays were performed using the Luciferase Assay System (Promega Corp.). Luciferase activity was determined using a luminometer according to the procedure described by Brasier and co-workers (26) . Protein concentrations for normalization were determined using the protein-dye binding method described by Bradford (27) .
Rcho-1 trophoblast cells were also stably transfected with the 93-bp d/tPRP-Luc construct (3 g) via cotransfection with pSV 2 -neo (0.3 g; a plasmid providing neomycin resistance). Cells were selected for 2 weeks in the presence of 250 g/ml geneticin (G418, Mediatech, Inc., Herndon, VA) as previously described in our laboratory (18) . Cellular lysates were collected from proliferative and differentiated stable transfectants and evaluated for luciferase activity as described above.
Electrophoretic mobility shift assay
Rcho-1 trophoblast cells were isolated and washed in cold PBS. Nuclear extracts were prepared according to the procedure previously described by Dignam and co-workers (28) . Cells were washed in lysis buffer [10 mm HEPES (pH 7.9), 10 mm KCl, 1.5 mm MgCl 2 , 500 m dithiothreitol (DTT), and the protease inhibitors, 0.5 mm phenylmethylsulfonylfluoride, 1 g/ml pepstatin A, 10 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml soybean trypsin inhibitor]. Cells were then homogenized in lysis buffer containing 0.5% Nonidet P-40, and the homogenate was centrifuged at 2000 ϫ g. The resulting pellet was washed twice in lysis buffer containing Nonidet P-40, resuspended in extraction buffer [20 mm HEPES (pH 7.9), 420 mm NaCl, 1. 
RT-PCR
RT-PCR and Southern blotting were used to monitor d/tPRP expression in differentiating Rcho-1 cells. Total RNA was extracted from Rcho-1 cells on various days of culture, essentially as described by Chomczynski and Sacchi (29) , using TRIzol (Life Technologies, Inc.). RT reactions were performed using 0.5 g oligo(deoxythymidine) primers and 5 g total RNA (Superscript Preamplification kit, Life Technologies). The resulting complementary DNAs were amplified by PCR using oligonucleotide primers specific for d/tPRP, as previously described in our laboratory (11) . The PCR reactions also contained primers that amplified a 244-bp region of rat ␤-actin to demonstrate equal loading and the integrity of the messenger RNA template (30) . Reaction products were fractionated in agarose gels and transferred to a nylon membrane by capillary action. Southern blots were performed using 32 P-labeled d/tPRP complementary DNA and visualized by autoradiography.
Results

Deletion analysis of the d/tPRP promoter
We have previously reported that the 3960-bp d/tPRP promoter directs cell type-specific expression in decidual and trophoblast cells as well as differentiation-dependent expression in Rcho-1 trophoblast cells (11) . In this study, we evaluated a series of deletion constructs of the d/tPRP promoter, ranging in size from 3960 to 37 bp upstream of the transcription start site (see Fig. 1A ). Promoter constructs were cloned into the pGL-2 basic luciferase reporter plasmid and transiently transfected into primary decidual cells and Rcho-1 trophoblast cells.
Luciferase assays were performed 48 h after transfection and demonstrated that 93 bp of d/tPRP 5Ј-flanking DNA were sufficient to activate luciferase gene expression in both decidual and trophoblast cells (Fig. 1, B and C) . Similar deletion analysis profiles were observed in both cell types and revealed the presence of potential positive and negative regulatory elements located between Ϫ3960 and Ϫ93 bp. Luciferase activity was not detectable in either decidual or trophoblast cells when transfected with the 37-bp d/tPRPLuc construct (Fig. 1, B and C) . Similar to our observation with the 3960-bp d/tPRP-Luc construct (11), 93-bp d/tPRPLuc directed cell type-specific expression that was restricted to primary decidual and Rcho-1 trophoblast cells. No significant luciferase activity was observed in L929 mouse fibroblasts, UI uterine stromal cells, or HRP-1 trophoblast cells (Fig. 2) . To determine whether the 93-bp d/tPRP promoter was capable of directing differentiation-dependent expression, 93-bp d/tPRP-Luc was stably transfected into Rcho-1 trophoblast cells. The results depicted in Fig. 3 demonstrate a significant activation of the 93-bp d/tPRP promoter as the Rcho-1 trophoblast cells progressed from a proliferative to a differentiated phenotype. Similar findings were noted with other stably transfected parent lines (data not shown). These results indicate that, like the 3960-bp d/tPRP promoter, the 93-bp promoter is capable of directing the appropriate cellspecific and differentiation-dependent expression.
Mutational analysis of the 93-bp d/tPRP promoter
Evaluation of the 93-bp d/tPRP promoter revealed the presence of several regulatory elements, including a putative AP-1 site, located between Ϫ79 and Ϫ76 bp, and a putative Ets element, located between Ϫ52 and Ϫ49 bp upstream of the transcription start site (Fig. 4A) . Mutational analysis was used to determine the relative importance of these regulatory elements for d/tPRP expression in decidual and trophoblast cells. A PCR-based strategy was used to introduce a NotI restriction site into either the putative AP-1 or putative Ets elements of the d/tPRP promoter (Fig. 4A) . The mutant promoter-reporter constructs, 93-bp ⌬AP-1 d/tPRP-Luc and 93-bp ⌬Ets d/tPRP-Luc, were transiently transfected into primary decidual and Rcho-1 trophoblast cells and evaluated for expression of the luciferase gene.
Mutation of the putative AP-1 response element in the d/tPRP promoter resulted in a 94% reduction in promoter structs were generated by PCR, using the high fidelity Tth polymerase, and directionally cloned into the pGL-2 luciferase reporter plasmid. All d/tPRP promoter constructs extended 38 bp downstream of the transcription start site. B, d/tPRP-Luc deletion constructs were transiently transfected into primary decidual cell cultures on day 1 of culture using a liposome-mediated delivery system. Cell lysates were collected 48 h after transfection and evaluated for luciferase activity. C, d/tPRP deletion constructs were transiently transfected into Rcho-1 trophoblast cells on day 3 of culture. Rcho-1 cells were maintained in NCTC medium containing 20% FBS until the time of transfection. After transfection, the Rcho-1 cells were switched to NCTC containing 10% horse serum. Cell lysates were collected 48 h after transfection and similarly evaluated for luciferase activity. Each value represents the mean Ϯ SE of the mean of triplicate measurements. (Fig. 4B) .
Trophoblast nuclear proteins bind the putative Ets response element in the d/tPRP promoter
To determine whether Rcho-1 trophoblast cell nuclear proteins could bind the putative d/tPRP Ets regulatory element, an electrophoretic mobility shift assay was performed using Rcho-1 trophoblast cell nuclear extracts and a radiolabeled oligonucleotide encompassing the putative d/tPRP Ets regulatory element (Fig. 5A) . Two predominant DNA-protein complexes were observed. The slower mobility complex (complex I) was a sharp band, whereas complex II was represented by a more diffuse band (or bands) with a faster mobility (Fig. 5B, lane 2) . The specificity of protein binding to these complexes was demonstrated by competition with a 400-fold excess of cold d/tPRP Ets oligonucleotide (Fig. 5B,  lane 3 ). Similar competition with d/tPRP ⌬Ets (mutant Ets site; see Fig. 5A ) did not result in a reduction of protein binding. To demonstrate further that complexes I and II resulted from binding to the putative Ets response element in the d/tPRP promoter, competition experiments were performed using an oligonucleotide containing a functional consensus Ets element from the CD4 promoter, CD4 Ets (see Fig.  5A ). Wurster and co-workers have previously demonstrated an interaction between this region of the CD4 distal enhancer and the Ets family member, Elf-1, from Jurkat T cell nuclear extracts (31) . The results presented in Fig. 5B , lane 5, demonstrate that CD4 Ets effectively blocked the formation of complexes I and II on d/tPRP Ets, whereas no reduction in complex formation was observed with the mutant, CD4 ⌬Ets (Fig. 5B, lane 6) . We next attempted to supershift the complex with antibodies recognizing both Ets 1 and Ets 2 (␣Ets1/2). No supershifted complexes were observed using the Ets1/2 antibodies (data not shown). Additional high mol wt DNAprotein complexes were detected (Fig. 5B) . These complexes were of lesser abundance and did not appear to exhibit marked cell or differentiation-dependent changes.
Cell type-specific binding to the d/tPRP Ets element
The data presented in Fig. 2 . After 2 weeks of selection in the presence of geneticin (G418; 250 g/ml), parent lines were plated for analysis. Cell lysates were collected from proliferative (P) and differentiated (D) stably transfected Rcho-1 cells and evaluated for luciferase activity, as described in Fig. 1 . Each value represents the mean Ϯ SE of the mean of triplicate measurements.
blast cells (Fig. 6, lane 2) and HRP-1 trophoblast stem cells (Fig. 6, lane 4) . These observations may explain why the d/tPRP promoter is inactive in HRP-1 cells.
Binding to the d/tPRP Ets element changes as trophoblast cells differentiate
d/tPRP expression increases during Rcho-1 cell differentiation into trophoblast giant cells (Fig. 7A) . To determine whether the nature of nuclear protein binding to the d/tPRP Ets element changes during trophoblast cell differentiation, electrophoretic mobility shift assay experiments were performed using nuclear extracts from days 2, 5, 9, and 13 of Rcho-1 trophoblast cell culture. The intensity of complex I decreased during trophoblast cell differentiation. In contrast, the intensity of complex II increased as the trophoblast cells differentiated from day 2 to day 13 of culture (Fig. 7B) .
Discussion
The objective of the current investigation was to evaluate mechanisms of transcriptional regulation of the d/tPRP gene in both decidual and trophoblast cells and thus gain insight into factors controlling differentiation in both cell lineages. We have demonstrated that the proximal 93 bp of the d/tPRP promoter were sufficient to direct tissue-specific and differentiation-dependent expression. Examination of this 93-bp region revealed the presence of several putative regulatory elements, including those for AP-1 (Ϫ79 to Ϫ76) and Ets family (Ϫ52 to Ϫ49) transcription factors. Mutational analyses revealed the differential importance of the putative AP-1 and Ets elements for the regulation of d/tPRP promoter activity in decidual and trophoblast cells. Both AP-1 and Ets mutations resulted in a decrease in d/tPRP promoter activity in decidual and trophoblast cells. However, the effect of the AP-1 mutation was much more dramatic in decidual cells, whereas the Ets mutation was more pronounced in trophoblast cells. The presence of a functional AP-1 element immediately upstream of the d/tPRP Ets site is significant, because Ets family members are known to interact with other transcription factors, including AP-1, in their transcriptional activation of a variety of genes (32, 33) .
There is limited information available regarding the transcriptional control of decidual-specific genes. Gao and Tseng (34) have reported that the Sp3 protein mediates insulin-like growth factor binding protein-1 expression in decidual cells through interactions with elements located between Ϫ2.8 and Ϫ2.6 kb of the insulin-like growth factor binding protein-1 5Ј-flanking DNA. Expression of PRL in the human decidua is directed by a 3-kb promoter region located approximately 6 kb upstream of the pituitary transcription start site (35) (36) (37) . This decidual regulatory region is distinct from the region controlling pituitary PRL expression (36, 37) , but the identity of specific factors that trans-activate the decidual PRL promoter remains to be determined. Transcription factors, including the basic helix-loop-helix transcription factor, Hand-2, Wilm's tumor-1, and the retinoid X receptor-␣, are expressed in uterine decidua (17, 38 -41) ; however, their decidual cell target genes are presently unknown. We have demonstrated that the putative AP-1 and Ets elements play a functionally important role in the regulation of d/tPRP expression in decidual cells. Identification of the decidual proteins interacting with the putative AP-1 and Ets elements may lead to insights regarding the regulation of the differentiated decidual cell phenotype.
The Rcho-1 trophoblast cell model has proven to be an excellent tool for investigating the transcriptional regulation of the placental lactogen-I (PL-I), PL-II, cytochrome P450 side-chain cleavage, PRL-like protein C variant, and d/tPRP genes (11, 15, 16, 18 -20) . The related RCHO cell line has been used for characterizing the rat PL-II (42) and PRL-like protein A (43) promoters. More specifically, AP-1 and GATA regulatory elements and their associated transcriptional activators have been implicated in the control of PL-I gene activation in differentiating trophoblast cells (15) (16) (17) 44) . Consistent with these observations, we have demonstrated the importance of a putative AP-1 element within the d/tPRP promoter required for its optimal activation in trophoblast cells. In addition, we have provided new evidence implicating the involvement of an Ets regulatory element in the control of trophoblast cell d/tPRP gene expression.
The Ets family of transcription factors is currently comprised of nearly 30 members that have been described in species ranging from humans to Drosophila (32, (45) (46) (47) (48) (49) (50) (51) (52) . Ets family members are characterized by the presence of a highly conserved Ets DNA-binding domain that recognizes the nucleotide sequence, C/AGGAA/T (48 -50). One Ets family member, Ets 2, has recently been implicated in the regulation of trophoblast function (53, 54) . However, Ets 2 does not appear to interact with the proximal d/tPRP promoter (present study). The identity of the Ets family member or other class of transcription factor activating the d/tPRP gene via the Ets regulatory element during trophoblast giant cell differentiation remains to be determined. ␤-Actin primers were included in each reaction to control for equal loading and demonstrate the integrity of the messenger RNA template. B, Electrophoretic mobility shift assays were performed to monitor the nature of complexes I and II, formed between 32 P-labeled d/tPRP Ets and nuclear extracts isolated from Rcho-1 trophoblast cells at various stages of differentiation. The intensity of complex I decreased as trophoblast cells differentiated from day 2 to day 13 of culture. In contrast, the intensity of complex II increased with trophoblast differentiation. Lane 5 contains free probe in the absence of nuclear extracts.
